In the human brain, the appearance of cortical sulci is a complex process that takes place mostly during the second half of pregnancy, with a relatively stable temporal sequence across individuals. Since deviant gyrification patterns have been observed in many neurodevelopmental disorders, mapping cortical development in vivo from the early stages on is an essential step to uncover new markers for diagnosis or prognosis. Recently this has been made possible by MRI combined with post-processing tools, but the reported results are still fragmented. Here we aimed to characterize the typical folding progression ex utero from the pre-to the post-term period, by considering 58 healthy preterm and full-term newborns and infants imaged between 27 and 62 weeks of post-menstrual age. Using a method of spectral analysis of gyrification (SPANGY), we detailed the spatial-frequency structure of cortical patterns in a quantitative way. The modeling of developmental trajectories revealed three successive waves that might correspond to primary, secondary and tertiary folding. Some deviations were further detected in 10 premature infants without apparent neurological impairment and imaged at term equivalent age, suggesting that our approach is sensitive enough to highlight the subtle impact of preterm birth and extra-uterine life on folding.
Introduction
In the human brain, cortical folding is a fundamental and complex process that takes place mostly during the second half of pregnancy. So far, several hypotheses have been proposed on the factors that might trigger the formation of sulci (Dubois and Dehaene-Lambertz, 2015; Fernandez et al., 2016; Welker, 1990; Zilles et al., 2013) . Cortical crowns, sulcal walls and fundi are already different in terms of structure and connectivity during development, with differences in neuronal orientation, axonal proliferative events, synaptogenesis, glial growth and cortical laminar differentiation, leading to higher volume of neuropil and thicker cortices in gyral crowns than in sulcal walls and fundi (Welker, 1990) . But whether these microstructural properties and changes are the cause or consequence of the folding process is still not understood. Mechanical models have also suggested plausible hypotheses on the folding driving force, such as a differential expansion of the outer cortical surface versus the inner core (Budday et al., 2014; Tallinen et al., 2014; Xu et al., 2010) , a differential growth of cortical sulci versus gyri (Lef evre and or a tension applied radially by glial and axonal fibers to the cortical surface while it grows (Van Essen, 1997) .
Despite inter-individual variability of patterns across human individuals, the appearance of sulci seems to follow a relatively stable temporal sequence. Three successive folding "waves" have been described throughout development in fetuses and newborns (Chi et al., 1977; Feess-Higgins and Laroche, 1987) , with the sequential appearance of early primary folds from 20 weeks of post-menstrual age (20w PMA), secondary folds from 32w PMA, and tertiary folds from term age (after 38w PMA). Since several genetic, epi-genetic and environmental morphogenetic factors likely influence this process, deviant gyrification patterns are observed in many neurodevelopmental disorders, and have been seen as potential neuroanatomical proxies of atypical development . Mapping cortical folding from the early stages on is thus an essential step to better understand these disorders and uncover new markers for diagnosis or prognosis.
Studying the developing human brain in vivo has recently become possible with the advent of non-invasive magnetic resonance imaging (MRI) combined with post-processing tools that extract cortical surfaces (Dubois and Dehaene-Lambertz, 2015) . The folding progression has been described in fetuses (Clouchoux et al., 2012; Habas et al., 2012; Rajagopalan et al., 2011; Wright et al., 2014) , revealing intense and non-linear changes during the third gestational trimester, with differences across brain regions. Although normal fetuses ought to be the obvious ideal model to study typical brain development, in utero MRI is unfortunately still challenging in many respects (Girard and Chaumoitre, 2012) . Furthermore, it might not be straightforward to compare folding properties obtained in utero during the pre-term period and ex utero during the post-term period. In fact, birth per se induces dramatic changes in physiological conditions, which might lead to different cortical configurations in pre-natal and post-natal brains as suggested by a recent study of fetuses and preterm newborns at birth (Lef evre et al., 2016) . Given this obstacle to directly compare folding patterns before and after birth, early ex utero imaging of preterm newborns seems to be the only straightforward strategy to allow a continuous description of folding progression before and after term age. Studies on premature newborns have confirmed the dramatic folding increase during the pre-term period (Dubois et al., 2008b; Kapellou et al., 2006; Kersbergen et al., 2016; Kim et al., 2016a; Makropoulos et al., 2015; Rodriguez-Carranza et al., 2008) . Nevertheless, most studies have considered healthy preterm newborns up to the term age, so several weeks after birth, making the comparison with typical development all the more disputable given obvious differences between in versus ex utero life. In full-term newborns, most tertiary sulci are still shallow compared with adults even if the global folding patterns look rather alike (Hill et al., 2010) . During early infancy, association cortices get further convoluted, with a slowdown between the first and the second year (Li et al., 2014b) . In brief, the reported developmental trajectory of gyrification is still fragmented, which justifies a continuous and extended description of folding changes from the pre-term to the post-term period, using similar processing and analysis methods across ages.
Technically speaking, several parameters have been introduced so far to characterize normal and pathological folding. Surface area, sulcal depth and a variety of surface ratios known as gyrification indices, provide direct measurements of cortical expansion and folding intensity, but give little information on shape. Recent search for more relevant measures has been discussed in fetuses for local curvature derivatives (Lef evre et al., 2016; Wright et al., 2014) , or in premature infants with or without brain injury (Shimony et al., 2015) . A major difficulty is that their sensitivity to brain volume or surface is intrinsically different (Rodriguez-Carranza et al., 2008) , questioning the way these size measures have to be taken into account for proper analysis and comparisons between groups. Furthermore, few quantitative tools have been proposed to disentangle between the different folding waves at the individual brain level. Supposedly corresponding to the location where sulci first fold, pits have been mapped in infants, with stable spatial distributions from term birth to 2 years of age despite increasing sulci depth (Meng et al., 2014) . Some attempts to characterize the emergence of secondary and tertiary sulci have been reported recently on the basis of high-frequency spatial features (Orasanu et al., 2016) or shape complexity index (Kim et al., 2016b) . In adults, an original method of spectral analysis of gyrification (SPANGY) has been proposed to quantify the spatial-frequency structure of cortical folding . Decomposing the curvature pattern, this approach has provided an anatomically relevant segmentation of folds based on the local spectral composition: while the low-frequency components could be related to the global brain shape Lef evre and Auzias, 2015; Lef evre et al., 2014) , high-frequency components were shown to account for folds shaping, successively matching primary and later developing folds . Nevertheless, we still need to clarify whether this methodology accurately describes the folding waves at stages when sulci appear and deepen.
Aside from typical development, prematurity can be a cause of neurodevelopmental disabilities depending on several genetic and environmental compounding or protective factors. So far, the underlying alterations in brain development remain only partly understood (Ment et al., 2009) . Reductions in global cortical volume, surface area and folding measures have been reported in premature infants at term equivalent age (TEA) compared with full-term newborns, and associated with lower gestational age at birth (Engelhardt et al., 2015; Kim et al., 2016a; Makropoulos et al., 2015; Melbourne et al., 2014; Padilla et al., 2015) . Decreases in gyrification index and global mean curvature have also been related with increasing abnormality scores at MRI in infants with varied outcome (Moeskops et al., 2015) . Nevertheless none had ruled out whether such folding deviations simply reflect the impaired overall brain size as studies of adult polymorphism might suggest Toro et al., 2008) . Disentangling direct from indirect size-related effects thus requires to match infants for both age and brain volume, considering a wide developmental period.
To investigate all these issues, this study first aimed to detail the folding progression from the pre-term period to early infancy (27w to 62w PMA), in 58 healthy newborns and infants, either born preterm and imaged at birth, or born full-term and imaged from birth on. As a "typical" model of ex utero development during the pre-term period, we considered premature neonates at birth (unaffected pregnancy, appropriate for gestational age and subsequently healthy) rather than fetuses, because the pre-natal and post-natal folding configurations are not comparable even at similar ages (Lef evre et al., 2016) while we aimed to provide a continuous description of folding during the pre-term and post-term periods. For that purpose, we examined the potential of SPANGY to reveal the successive waves of folding in a quantitative way. Our last goal was to evaluate whether this approach is sensitive enough to detect subtle folding deviations in a group of 10 preterms imaged at TEA, with reference to the developmental trajectories fitted in the typically growing babies.
Material and methods

Subjects
We studied four different populations of infants (Fig. 1a) , all from single pregnancies and imaged ex utero. The "pre-term group" consisted of 26 pre-term newborns (11 girls) without acute neurological complications nor brain lesions detected on MRI, and imaged within the first two weeks after birth, between 27w and 36w PMA (PMA being defined as the sum of gestational age GA at birth and post-natal age). As in our previous study (Lef evre et al., 2016) , we considered that these newborns had "typical" patterns of cortical folding given the imaging circumstances (ex utero MRI during the pre-term period). The "term group" consisted of 9 full-term healthy newborns (4 girls), imaged within the first two days after birth at PMA between 38w and 40w. The "post-term group" consisted of 23 full-term healthy infants (9 girls), imaged within the first post-natal weeks at PMA between 44w and 62w. We assumed that typical developmental trajectories could be approached on the basis of these three cohorts.
In a second step, we assessed the effects of extra-uterine growth following pre-term birth, by considering 10 infants born prematurely (4 girls, GA at birth between 25w and 31w) and imaged around TEA, at PMA between 38w and 41w ("TEA group"). No infant showed any lesion or ongoing acute injury on MRI at birth and at TEA, as assessed by PSH and a senior pediatric radiologist based on conventional high-resolution T1-and T2-weighted MR images, and DWI-derived maps of averaged diffusion coefficient. This TEA group was similar to each other typical group in regards to different age characteristic (Fig. 1a) . It was close to the pre-term group in terms of GA at birth, to the term group in terms of PMA at MRI, and to the post-term group in terms of post-natal age at MRI. All MRI protocols detailed below were approved by the regional or institutional ethical committee, and all parents gave written informed consents. Newborns and infants were spontaneously asleep during MR imaging. Particular precautions were taken to minimize noise exposure by covering the ears with special "mini-muffs" or customized headphones.
Data acquisition
For all subjects, T2-weighted (T2w) MR images were acquired with a high spatial resolution using a fast or a turbo spin echo sequence, in an interleaved way with slices concatenations. In the immature brain up to 6 months post-term, T2 weighting actually provides the best contrast between grey and white matter, in a more reliable way than T1 weighting (Fig. 2a) .
For the pre-term group, acquisitions were performed in Geneva University Hospitals on a 1.5 T-MRI system, either with the Eclipse, Intera or Achieva systems (Philips Medical Systems) and a receive quadrature head coil, or with the Avanto system (Siemens Medical System) and a 2-channel phased-array knee coil (see all the details in (Dubois et al., 2010) ). Note that the acquisition phase extended over a long period in view of the difficulty in imaging preterm newborns without neurological complications in the first days after birth, but that Fig. 1 . Evolution of whole-brain morphometric parameters in the typical groups. For the pre-term, term, post-term and TEA groups, post-menstrual age (PMA) at MRI is summarized according to gestational age (GA) at birth (a). The dots code for the group belonging (triangles ¼ pre-term, squares ¼ term, circles ¼ post-term, stars ¼ TEA), and the sex is indicated by the color (pink ¼ girl, blue ¼ boy). For the first three typical groups, hemispheric volume (b), cortical surface area (c), sulcation index (d) and SPANGY analyzed folding power (e) are presented as a function of PMA at MRI (the Gompertz models are outlined by the black curves in d and e). The distribution of power analyzed with SPANGY across the bands B0 to B6, i.e. the power spectrum, is presented in (f). the newborns' age was homogeneously distributed across the different MRI systems. Coronal slices covering the whole brain were acquired with a spatial resolution of 0.7 Â 0.7 Â 1.5 mm or 0.8 Â 0.8 Â 1.2 mm (Dubois et al., 2010) .
Infants of the term and TEA groups were also imaged in Geneva University Hospitals, but on a 3 T-MRI system (Tim Trio, Siemens Healthcare) with a 32-channel head coil. Coronal slices were acquired with a spatial resolution of 0.8 Â 0.8 Â 1.2 mm (TE/TR ¼ 150/4600 ms).
Acquisitions in the post-term group were performed at NeuroSpin (CEA), on a 3 T-MRI system (Tim Trio, Siemens Healthcare) with a 32-channel head coil. Axial slices were imaged with a spatial resolution of 1 Â 1x1.1 mm (TE/TR ¼ 149/4500 ms) as detailed in (Kabdebon et al., 2014) .
Data processing
For analyses, we selected T2w images relatively free from motion artifacts (i.e. with only reduced artifacts in less than 1 slice over 4 or 5 depending on brain size), and these images were not corrected for residual motion artifacts. All images were post-processed using tools implemented in BrainVISA software Mangin et al., 2004) . The interface between cortex and white matter was segmented using semi-automatic procedures dedicated to pre-term newborns (Dubois et al., 2008b) , and infants beyond term-equivalent age (Leroy et al., 2011) (Fig. 2b) . Interactive manual corrections were carefully reviewed by a single operator (JD) in the places of low grey/white matter contrast or where the automatic algorithm made errors because of small Fig. 2 . From MR images to SPANGY analyses. The successive post-processing steps are outlined for typical babies at different post-menstrual ages (3 preterm newborns at 27w, 30w and 34w, 1 term newborn at 39w, 3 infants at 47w, 52w and 60w, all girls). T2w images (a), segmentations of the boundary between cortex and white matter (b) and 3D reconstructions of the inner cortical surface (c) are presented with real proportions across newborns. SPANGY segmentations (d) are projected on smoothed cortical meshes (zoomed proportions), showing B4 sulci elements (deep blue) even in the youngest newborns. Zooms on the region around the central sulcus (e) highlight the progressive appearance of parcels for B5 (light blue) and B6 (green).
inconsistencies across slices resulting from small motion artifacts. 3D meshes of left and right inner cortical surfaces were then provided for all newborns of the pre-term, term, post-term and TEA groups (Fig. 2c) . We then computed locally the mean cortical curvature as implemented in BrainVISA .
SPANGY application in the developing brain
Spectral analysis of gyrification (SPANGY) has been recently introduced to analyze the cortical folding pattern in terms of spatial frequency composition, very much like a Fourier analysis would do for the voice oscillating signal in terms of temporal frequency composition. Precisely, SPANGY relies on the spectral decomposition of the cortical surface curvature on a basis of elementary patterns of increasing spatial frequencies, directly derived at the individual level for each hemispheric cortical mesh. In the adult brain, the curvature pattern is accurately characterized by a power spectrum of 7 bands of increasing frequencies (B0-B6), with successive frequency bands defined to fit a folding model in which new sulci coarsely appear in between two existing ones, hence doubling the pattern frequency. The low frequency bands (B0-B3) are related to the global brain shape, and the last 3 bands (B4-6) account for the folds shaping. The sulci can be further segmented by successive band filtering to identify the locally determinant frequency band: each vertex are labelled with the number of the band that determines whether it belongs to the sulcal or the gyral pattern (negative or positive curvature) based on a cumulative synthesis approach of the cortical folding pattern . This defines a cortical segmentation in exclusive regions. In the adult brain, segments associated with B4, B5 and B6 appear to match essentially primary, secondary and tertiary folds respectively. For each subject, the fundamental wavelength corresponds to the whole hemisphere elongation , and the band-associated wavelengths are computed from it (on average in adults: 56 mm, 28 mm and 14 mm for B4, B5 and B6 respectively) . The SPANGY approach thus ensures proper inter-individual comparability of the spectral scale and of sulci elements for each band, whatever the brain size.
Here we performed SPANGY analysis in each hemisphere of all infants, in a similar way as in adults, with 7 bands being necessary and sufficient to describe the folding patterns as detailed in the results section. In fact we expected this number to be 7 or less since the folding patterns in the developing brain are seemingly less complex than in adults. On the reverse, we observed that in infants who already had quite complex folding (term and post-term groups), 7 bands were required not to miss relevant folding information.
Data analyses Whole-brain morphological and SPANGY parameters
To characterize the global growth in each infant, we first measured a proxy of brain size: the hemispheric volume defined as the volume inside the closed outer cortical surface (at the interface with the cerebro-spinal fluid) Germanaud et al., 2012) . We also computed the area of the inner cortical surface and a sulcation index (SI) defined as the ratio between the inner area and the surface area after morphological closing.
As for SPANGY in the spectral domain, we computed the analyzed folding power (AFP: sum of powers associated with the 7 bands B0-B6) and the spectral powers associated with B4, B5 and B6 bands . We evaluated the proportions between those band powers through ratios referenced to the analyzed power. In the spatial domain (i.e. on the meshes), we described the localization of sulci elements (parcels) associated with B4, B5 and B6 bands, in comparison with the expected locations of primary, secondary and tertiary folds throughout development. We reported the B4-B6 corresponding wavelengths, which characterize the fold sizes and are supposed to directly rely on brain size. We also computed the B4-B6 numbers of parcels over the whole hemisphere, which inform about the fold quantity and are a direct marker of the gyrification progression.
Because only a few small-scale inter-hemispheric asymmetries were detected (Supplementary Information #1), left and right parameters were averaged in all analyses.
Developmental patterns
To outline typical patterns of brain growth over the pre-term to postterm period, we assessed age-related changes in both spatial and spectral parameters in a cross-sectional design considering the 58 infants of the 3 first groups. For each parameter, we performed analyses of co-variance (ANCOVA) with age as co-variable and sex as co-factor to assess differences between girls and boys. Since trajectories for some parameters appeared strongly non-linear (growth being the slowest at the youngest and oldest ages), we also modelled these changes with Gompertz functions as proposed for the growth of organs (Luecke et al., 1995; Wosilait et al., 1992) or fetal brain (Wright et al., 2014) 
where α, β, K and K 0 are constants to be fitted. Gompertz models were preferred to logistic functions because age-related evolutions were hardly symmetric. For each parameter, three age points of interest were computed from this modeling: the acceleration point, the inflexion point and the asymptotic deceleration point (Mischan et al., 2011) . The inflexion point corresponds to the vanishing point of the second derivative: (log(β)/α). Acceleration (resp. deceleration) point corresponds to the first (resp. the last) maximum of the third derivative, and can be computed as: (log (β/r)/α) where r is the last (resp. the first) root of the polynomial: (X 3 À 6X 2 þ 7X À 1) (r % 4.491 and 0.166 respectively). Confidence intervals of these three points were obtained by Monte-Carlo simulations (Lambert et al., 2012) . Further approaches were considered to identify developmental subperiods showing specific features of folding or discontinuities. Proportion of each band power was modelled as the ratio between the Gompertz functions for band power and for AFP, and we identified relevant age points based on the curves observation. We also investigated whether distinct sub-periods could be identified by integrating the complementary information provided by the three spectral bands. All 58 babies were clustered based on B4-6 power proportions with a kmeans algorithm and without any information on the babies' age. We expected a priori 4 clusters throughout the 27-62w period: 1 cluster corresponding mainly to primary folding, 2 clusters corresponding to the appearance of secondary and tertiary folds respectively, and 1 cluster corresponding to the folding slowdown. We compared the ages delimited by the 4 provided clusters with previous descriptions of the folding process (Chi et al., 1977) . For each cluster, we also investigated the relationship between cortical surface area (S) and hemispheric volume (V), since the inter-individual variation in cortical folding can be analyzed in terms of scaling (shape as a function of size) rather than growth (shape as a function of age). To demonstrate the non-proportional scaling called allometry (Awate et al., 2009; Germanaud et al., 2012; Kapellou et al., 2006; Lef evre et al., 2016; Paul et al., 2014; Toro et al., 2008) , here we used a power law modeling (S ¼ bV a ), and the scaling exponent (a) was measured through logarithmic linearization and compared with the one under the hypothesis of strictly proportional geometric dependence between surface and volume (a ¼ 2 / 3 ).
Atypical folding in premature infants at term equivalent age For each morphometric and SPANGY parameter, we compared the 10 preterms at TEA with the 58 typical babies. To better take into account the inter-individual variability resulting from cross-sectional data for these latter subjects, we performed the comparison based on the developmental trajectories defined with Gompertz modeling. As detailed in , we used a shuffle-and-split (S&S) algorithm since this iterative resampling-based non-parametric test allows comparisons involving a model regression for small group size and important size difference between groups (here a 1:6 ratio). Because the numerical combination of two models introduced an artificial variance preventing us to compute reliable p-values with the S&S algorithm, power proportions were compared with T-tests limited to this age window as detailed in Supplementary Information #2. Effect sizes were then characterized based on Cohen's d.
Results
Whole-brain morphometry analyses in typical babies
Over the developmental period from 27w to 62w PMA, whole hemispheric volume and cortical surface area increased significantly, with lower values in girls than in boys particularly in the term and postterm groups ( Fig. 1b and c; Table 1 ). Parameters showed high continuity across the groups although we analyzed cross-sectional data and despite differences in image acquisition and post-processing.
Measures of folding (SI and AFP) also increased with age, but showed more equivocal differences between girls and boys ( Fig. 1d and e ; Table 1 ). Modeling with Gompertz functions highlighted similar characteristic age points, with an acceleration of folding around 25-26w, an inflection around 34-35w, and a deceleration around 43-46w (Table 2) , suggesting an intense folding progression during the third gestational trimester slowing-down during early infancy. Nevertheless, with these global folding measures, numerical proxies of the three developmentallydefined waves folding could not be identified.
SPANGY analyses in typical babies
Preliminary observations: consistency of the 3 folding bands B4, B5, B6
When the total spectral power was decomposed into 7 bands according to spatial frequencies (Fig. 1f) , we observed that powers associated with the first four bands (B0-B3) were very similar across infants, whereas the inter-individual variability mainly relied on the last three bands (B4, B5, B6), similarly to the mature adult brain . B4-6 wavelengths increased with age and converged to adult values in the oldest infant (Fig. 3a, Tables 1 and 3 ), suggesting that fold patterns with similar meaning and labels (e.g. B4) became larger throughout development together with the whole brain growth. In the term and post-term groups, 7 bands were clearly necessary to fully describe the folding patterns since the powers associated with B5 and B6 were high. On the reverse, in the very small brains of preterm newborns, B6 wavelengths reached both the image spatial resolution and a cut-off below which a fold might not be expected, but we chose to avoid arbitrary thresholding based on wavelengths, keeping all measures in the B6-related analyses and using a SPANGY decomposition with 7 bands as proposed for the adult brain.
B5 and B6 powers were higher than B4 power in the term and postterm groups (Fig. 1f) , mirroring the power spectra of adults . On the contrary, the B4-6 power distribution was more balanced in the pre-term group, suggesting an immature spectral Table 1 ANCOVA on the dependence to age and sex. Analyses of variance were conducted over the pre-term, term and post-term groups jointly to evaluate whether each parameter depends on age and sex. For each co-variable and factor, the F value is outlined with the corresponding p-value, and p-values were corrected for multiple comparisons with a FDR approach considering the 16 parameters of interest (i.e. considering each co-variable and factor independently). Statistically significant p-values suggesting linear dependence on age or sex are outlined in red (threshold p < 0.05). Table 2 Characteristic age points. Gompertz modeling over the pre-term, term and post-term groups provided us with distinct age points (acceleration, inflection and deceleration points in weeks of PMA, with confidence intervals within brackets) for the sulcation index (SI), the analyzed folding power (AFP), the number of parcels for B5 and B6, and B4-6 power. composition. Although power spectra could distinguish the three groups in a clear way, changes were actually continuous along age as detailed below.
SPANGY in the spatial domain: B4, B5, B6 associated sulci elements (parcels) Over the 27-62w period, we observed an anatomically coherent evolution of the segmentation of cortical sulci with SPANGY according to their frequency components. B4-associated elements were present in all newborns, overlapping the main and earliest folds, whereas elements associated with B5 then B6 increased with age following the appearance of branches, twists and variable folds ( Fig. 2d and e) . This suggested that elements associated with B4, B5 and B6 might match substantially with primary, secondary and tertiary folds respectively, as proposed in the healthy adult brain and as comforted by observations of gyral simplification in severe microcephalies .
This was further quantified based on the number of sulci elements. Whereas the number of B4 parcels remained constant with age (mean number~22.5 AE 2.6), the numbers of B5 and B6 parcels increased Fig. 3 . Evolution of SPANGY parameters in the three typical groups. The characteristic wavelength (a), number of parcels (b), power (c) and power proportion (d) are presented for bands B4 (deep blue), B5 (light blue) and B6 (green) as a function of the newborns post-menstrual age. B4-B6 proportions are also represented in 3D with ellipsoids highlighting the 4 k-means clusters (e). Regarding the power law between cortical surface and brain size (S ¼ bV a ), different scaling exponents a were observed in these 4 clusters (f). The dots code for the group (see Fig. 1 ). For the numbers of parcels (b) and powers (c), the curves outline the Gompertz models, while in (d) they correspond to ratios between Gompertz models to highlight each band power proportions. Table 3 Characteristic wavelengths for bands B4-6. Minimal and maximal values of characteristic wavelengths (WL) over the preterm, term and post-term groups are detailed for bands B4, B5 and B6, as well as the spatial resolution expected to be covered with SPANGY. For comparison, wavelengths over ICBM adult group are reminded dramatically (Table 1 ) and non-linearly (Fig. 3b) . Gompertz modeling highlighted that these numbers decelerated around 34w and 41w PMA for B5 and B6 respectively (Table 2) , and reached a plateau around term age and during early infancy.
SPANGY in the spectral domain: B4, B5, B6 spectral powers Coherently with AFP, B4 to B6 powers increased over the considered period (Fig. 3c, Table 1) , with a different time course across the bands (Fig. 3c) . Regarding age points measured with Gompertz modeling (Table 2) , acceleration was detected between 23w (B4) and 29w (B6), and inflexion between 31w (B4) and 38w (B6), highlighting an intense folding process during the pre-term period. Asymptotic deceleration was detected between 39w (B4) and 48w (B6), reflecting that the folding intensity reached a plateau during early infancy. These results suggested that the 3 bands captured successive waves of folding.
Furthermore, the power proportions changed dramatically from the pre-term to the post-term period (Fig. 3d) . While pre-term newborns showed high B4 proportion, full-term newborns and infants showed adult-like spectral composition with high B5 and B6 proportions. From around 30w, proportions continuously decreased for B4 and increased for B6, reaching plateaus during the late pre-term to early term period. B5 proportion evolution was more complex, with a transient peak around 37w suggestive of an apex of the secondary folding wave. In summary, the folding course seemed to be characterized by the dynamic enrichment of the curvature pattern in B4 to B6 spatial frequencies.
These observations were further synthetized by specifying developmental sub-periods with distinct folding dynamic features. All infants were clustered using kmeans algorithm applied to the complementary B4-6 power proportions, which provided a reliable separation in terms of age, with few overlaps across the 4 clusters (Fig. 3e) . The first and second clusters gathered almost all pre-term newborns over 2 age sub-periods: from 27w to 31w and from 31w to 36w, coherently with the appearance of secondary folds around 32w PMA. The third cluster gathered all full-term newborns, one single pre-term newborn at 34w PMA and one 47w-PMA infant, in relative agreement with the appearance of tertiary folds around term age. The fourth cluster gathered all the other infants, for whom the folding process had slowed down. Considering 3 clusters instead of 4, the two latter clusters were joined, with no change in the two former ones. As a whole, these results were in line with the previous description of three successive waves of folding in fetus specimen (Chi et al., 1977) .
In each cluster, cortical surface area and hemispheric volume were linearly related on a log-scale (Fig. 3f) . The measured scaling exponent of this allometric relationship appeared to decrease throughout development: a ¼ 0.97-1.03 in the first three clusters, versus a ¼ 0.80 in the fourth cluster. We observed a similar developmental trend when grouping the two pre-term clusters (a ¼ 1.09), and the term/post-term clusters (a ¼ 0.96).
Atypical folding in prematurely born infants at TEA
Similarly to the pre-term, term and post-term groups, SPANGY analyses were conducted in all premature infants at TEA based on images and segmentations all passing the manual quality check (Fig. 4) . Cortical reconstructions and spectral segmentations of sulci showed no obvious difference between the TEA and full-term newborns. Based on quantitative comparisons of parameters (Fig. 5, Table 4 ), we found no deviations for hemispheric volume nor cortical surface area in these 10 TEA infants compared with typical developmental trajectories, suggesting that brain growth abnormalities were absent or too small to be detected given our statistical power. However, the global folding intensity (sulcation index and AFP) was lower, mainly because of a significant reduction in B4 power (Table 4, see effect sizes in supplementary  Table S2 ). Eventually, we found no difference in B4-6 parcels numbers nor in power proportions (Supplementary Information #2) , suggesting that the fold numbers were barely affected.
Discussion
In this study, we analyzed the dynamics of cortical folding over a crucial developmental period in a sample of pre-term, full-term newborns and infants. Although we considered cross-sectional data over limited groups of subjects, we could highlight different folding waves that were captured and quantified at the individual level with spectral analysis of brain curvature. We further showed that the SPANGY approach is sensitive enough to detect and locate subtle deviations in a small group of premature infants at TEA while they showed no major anomaly in brain growth.
SPANGY: an approach allowing to map and quantify the folding waves
Like in the adult brain , we demonstrate that the patterns of cortical surface curvature in the developing brain were meaningfully depicted by bands of increasing spatial frequencies, specifically bands B4, B5 and B6. In comparison with previous studies, SPANGY characterizes the sulci patterns quantitatively without supervision of folds localization. Our study supports the relevance of frequency-based descriptions of the folding sequence throughout development. We found characteristic age-related inflexions in the developmental increase of B4 to B6 spectral powers and of number of parcels. B4-related sulci elements were detected early on in all preterms, and their corresponding number of parcels did not evolve with age, in analogy with primary folds. The increase in B4 power throughout development was mainly dependent on the surface increase related to brain growth. Our clustering approach based on B4-6 power proportions suggested a relevant inflexion around 31w PMA with decreasing B4 Fig. 5 . Atypical cortical folding in premature infants at TEA. Whole-brain parameters (a: hemispheric volume, cortical surface area, sulcation index) and B4-6 bands characteristics (b: number of parcels, c: power, d: power proportion) are presented as a function of PMA for premature infants at TEA (in black) compared with babies of the pre-term, term and post-term groups (in grey). Premature infants at TEA clearly deviate from the typical folding trajectory (Gompertz models from Figs. 1 and 3 are outlined by grey curves), for the sulcation index and B4 power (see also Table 4 ). contribution and increasing B5 contribution while B6 was still anecdotic. The majority of B5-related sulcus elements appeared in a second folding wave with a relative peak around 37w PMA, in good morphological analogy with secondary folds for most of them. After 38w PMA, two additional sub-periods were outlined, matching first a significant decrease in B5 contribution from term age due to B6 dynamics, and second, the end of the curvature pattern enrichment a few weeks later in infancy. Such results strongly support the link proposed in the adult brain between the three types of B4-6 sulci elements and the three successive developmentally-defined waves of folding. However, the anatomical correspondence of B5 and B6 with secondary and tertiary waves remained somewhat imperfect, with earlier acceleration age points than expected. These discrepancies should be discussed in light of the often neglected overlap between folding waves, notably in relation to folding heterochrony across cortical lobes and regions (Chi et al., 1977) .
Alternatively, several issues can be discussed. Firstly, we did not have other option than considering preterm newborns at birth to define typical developmental trajectories ex utero, whereas preterm birth per se is not a normal condition for brain growth. But conversely, it would not be relevant to include MRI measures obtained from healthy fetuses, since we recently demonstrated that the transition from intra-to extra-uterine environment in itself has a major impact on folding properties (Lef evre et al., 2016) . The CSF environment and the cortical configurations seem to differ strongly in pre-and post-natal brains, so mixing information from fetuses and full-term neonates and infants would not provide a continuous description of the folding progression from the pre-term to the post-term periods. At the methodological level, folding patterns might tend to merge in small brains due to potential spatial noise affecting cortical surface segmentations. Second, mismatches might also outline some limits of the SPANGY model. Sulcal and gyral domains are treated together while they are not strictly symmetrical in shape . Moreover, SPANGY being a Fourier-like strategy, it uses higher frequencies (accounting for B6-related parcels) for both new pattern depiction (real tertiary sulci elements) and depiction of sharpness (angular sulcal edges for instance). Dealing with these last two flaws would be possible by using more localized spectral procedures such as wavelet analysis (Yu et al., 2007) .
To confirm and clarify the extent of the anatomical analogy between B4-6 sulci elements and the successive folding waves, it would be essential to test SPANGY analyses on ex utero longitudinal data at different ages when brains show different progression of primary, secondary and tertiary foldings. This would be the only way to definitely decipher the influence of developmental processes on SPANGY patterns while taking into account the inter-subject variability that might have blurred our findings. Nevertheless, longitudinal analyses will not be straightforward, as they will require reliable registration between brains of different size and folding complexity, which is also a major methodological issue. Also because our groups had limited sizes and unbalanced numbers over the different age spreads, this study as a whole should be considered as a first step to describe the progression of folding over a crucial developmental period. It has to be pursued by the analysis of large-scale longitudinal data that start to become available for the scientific community.
Since the SPANGY approach relies on the analysis of cortical curvature, our results crucially depend on accurate inner cortical surface segmentation. While motion-related artifacts are often visible on brain images of unsedated infants, here we only analyzed T2w images that were relatively free from such artifacts, which required to select adequate data among the ones acquired. Applying our approach to clinical populations would require to correct images for motion artifacts observed within slices and across slices, before further analyses. In this study, particular care was taken to minimize errors and possible biases across individuals and across groups.
Nevertheless, we have to mention several possible issues. In this study, differences in image acquisition (MRI scanner types, strength, coil, image spatial resolution in the three directions) and post-processing (segmentation pipelines) between the pre-term group versus the term and post-term groups might have impacted our quantitative measures. To our disadvantage, acquiring MRI data in such populations is challenging and requires a long inclusion period (potential system changes), particularly for preterm newborns (without neurological complications and imaged in the first days after birth), and for healthy infants (imaged without sedation). Yet, the image quality was relatively similar across groups: despite the lower acquisition settings in preterms, the signal-tonoise ratio of T2w images was similar because of the higher brain water content, and motion artifacts were not different thanks to equivalent acquisition times (fewer slices were required in preterms). Indeed, images showed some variability across subjects in relation to the brain maturational properties, but the grey-white matter contrast was in any case adequate for the segmentation process (Fig. 2a-c) . And interactive manual corrections were performed in erroneous places, mostly where the progressing myelination blurred the contrast in infants, but rarely because of motion artifacts. A single operator (JD) reviewed the consistency of segmentations across all newborns. We assumed sufficient reliability of our results across groups in view of the two indirect following arguments. First, whereas another research group reported a trend toward lower folding measured from 1.5 T images compared with 3 T between 26w and 40w PMA (Kim et al., 2016a) , we observed a strong continuity in morphometric and SPANGY parameters across ages with our tools. Secondly, the kmeans clustering used to define developmental sub-periods was quite insensitive to differences in acquisition and post-processing characteristics: 2 clusters reliably split the pre-term group whatever the number of clusters (3 or 4).
In light of these indirect arguments, we expect that our typical developmental trajectories were little biased by acquisition and postprocessing differences across age groups. And we believe that the SPANGY approach can be applied reliably on inner cortical surfaces generated with alternative segmentation methods, as proposed by other groups in fetuses, preterms and infants (e.g. (Clouchoux et al., 2012; Gui et Moeskops et al., 2015) ). Nevertheless, we will not be able to dispense of replication studies to confirm these expectations, particularly when databases acquired with similar settings over the whole developmental period will become available. Future works will also be required to investigate whether the SPANGY measures might be influenced by factors related to image acquisition and surface extraction, and to validate their reliable use as imaging biomarkers in clinical applications as proposed for sulcal pits (Im et al., 2013) .
Investigating the typical process of cortical folding in the developing brain
For the first time, the SPANGY approach provided a quantitative description of the successive folding waves ex utero, continuously over the late pre-term and early post-term periods. Our results are particularly informative at several levels. First, non-linear developmental trajectories were outlined, in agreement with previous studies in fetuses (Wright et al., 2014) and infants (Li et al., 2014b) . Interestingly, a differential progression of folding was revealed within the pre-term period, with a slow beginning and a secondary progression from around 31w, followed by smaller changes from term onwards and during early infancy. Besides age, we observed some inter-individual variability across infants in relation to sex, in agreement with a recent study reporting folding differences between boys and girls during the first 2 years (Li et al., 2014b) . But as demonstrated in adults and suggested in infants (Li et al., 2014b) , differences in brain volume accounted for this sex effect (Supplementary Information #3).
As for allometric relationships between cortical surface area and brain volume, the scaling exponent measured over the two pre-term clusters jointly (a ¼ 1.09) was a bit lower than previously reported measures in preterm newborns (a ¼ 1.25-1.33) (Kapellou et al., 2006; Paul et al., 2014) . On the other hand, the exponent over the two term/post-term clusters (a ¼ 0.96) was similar to the adult one . This suggests that the cortical extension going with brain size is more intense during the pre-term period in relation to age and early growth (developmental allometry) than after birth when it reaches a rather adult-like value related to inter-individual variability independently of growth (static allometry due to size polymorphism, in relation to sex, genetic and nutritional factors).
Interpreting the neurobiological substrates of folding increase remains a major challenge since this process is supposed to rely on several intermingled mechanisms in the cortex at both the microstructural and morphological levels. The strong folding increase between 29 and 39w PMA might correspond to the expansion of cortical tissue related to the migration of subplate neurons into the cortex, with successive waves triggering the primary, secondary and tertiary foldings. With this in mind, evaluating differences in folding progression across brain regions would be an interesting approach, since age-related spatial gradients of folding and of subplate regression have been reported recently. This would be the scope of additional analyses, based on local parameters instead of global hemispheric measures. Investigating the possible links between cortical folding, thickness (Li et al., 2015) and microstructure (Ball et al., 2013) would be a valuable perspective to decipher which microstructural or mechanical mechanisms might drive the folding process. In that respect, SPANGY parameters might constitute relevant references for theoretical and experimental modeling of early cortical folding.
Mapping atypical folding in premature infants imaged at TEA To investigate whether the SPANGY approach would be sensitive enough to detect and locate subtle and specific deviations of the folding process, we also studied a group of premature infants at TEA, without major brain anomaly contrarily to previous studies (Engelhardt et al., 2015; Makropoulos et al., 2015) . These preterms were comparable to each typical group in regards to different growth characteristics, as they had similar duration of pre-natal growth than the pre-term group, of total growth than the term group, and of post-natal growth than the post-term group. Although we did not detect alterations in brain growth (cortical volume and surface area within the normal ranges), our approach showed that preterms at TEA had lower global folding power than typical infants, mainly associated with lower B4 power. This suggests that folds developing early on, at the time of preterm birth, were the most impacted. Nevertheless, we cannot conclude on the directionality of these findings: deviations in primary folding might either result from prematurity and post-natal growth, or reflect intra-uterine disturbances leading to premature birth and further atypical folding. Decreases in B5 and B6 powers were less significant (Table 4) , and might rather reflect the impact of ex utero growth on an immature brain born pre-term. These results highlight SPANGY sensitivity to detect subtle folding deviations.
Although we considered a rather small group of preterm infants at TEA, our findings on the differential impact of prematurity on the successive folding waves are partly consistent with the few previous studies. The gyrification index seemed to decrease with increasing abnormality score at 30w and 40w PMA (Moeskops et al., 2015) , however this study did not take into account possible inter-individual differences in brain size. We also previously showed that sulci developing earliest (e.g. the insula, central and superior temporal sulci) are the most affected at 30w and 40w PMA by adverse clinical factors (e.g. birth weight) (Kersbergen et al., 2016) . Future studies in larger cohorts of preterms and with longitudinal follow-up will be required to investigate the links between folding impairments and clinical factors related to pregnancy and in utero growth (e.g. multiple pregnancy, birth weight, intra-uterine growth restriction) (Dubois et al., 2008a; Kersbergen et al., 2016) , environmental sensory exposure (Pineda et al., 2014) , or functional outcome during toddlerhood (Kersbergen et al., 2016; Spann et al., 2014) .
Conclusion
This study was a first step to describe the normal progression of primary, secondary and tertiary folds over a crucial developmental period ex utero, which have to be pursued by the analysis of large-scale longitudinal data. We further highlighted the potential and sensitivity of SPANGY to detect subtle folding deviations by comparing infants differing in the amount of intra-versus extra-uterine growth. We suggested that this approach could provide the first quantitative and objective measure of the folding stage at the individual brain level, which might be crucial in the prospect of individual predictions in several developmental diseases particularly with brain growth insufficiency and microcephaly .
